A stoechio-kinetic model describing the evolution of biomass through the ensiling process was developed. The model framework is based on the ADM1 in order to 
Introduction
Society is now confronted with the energy transition, which is considered as an integral part of the solution for the sustainable development of future generations. Anaerobic digestion (AD) is one of the renewable energy production sectors that has attracted increasing interest in recent years. In this process, the bioconversion of complex organic materials is carried out, under anaerobic conditions and by successive reactions. The biogas produced, mainly composed of CH4 and CO2, can be then upgraded and injected into the gas network, converted into electricity or used as transportation fuel. Today, there are more than 17 000 biogas plants operating in Europe, including around 12 500 agricultural AD plants [1] .
One of the major challenges for the optimization of the AD sector concerns the management of feedstocks before biogas production. Indeed, with the need for a continuous supply of AD plants throughout the year, some seasonal production inputs have to be stored in most cases for extended periods (several months). Since these feedstocks are readily biodegradable, long-term storage can result in significant energy losses and greenhouse gas emissions.
Ensiling is usually pointed out as the logical choice to preserve the energy potential of wet bio-products in the long term [2] . It relies on the anaerobic conservation through the stabilization of organic matter at acidic pH. Ensiling can be described as follows [3] [4] [5] [6] [7] [8] .
First, aerobic respiration occurs during several hours, converting water-soluble carbohydrates (WSC) into carbon dioxide, water and releasing energy. Once oxygen is depleted, microorganisms capable of anaerobic growth will compete for the substrate.
Under suitable conditions, lactic acid bacteria (LAB), naturally present in wet raw materials, will produce lactate from available carbohydrates, decreasing and stabilizing the pH to around 4.0. This prevents further microbial activity (lactate degraders:
clostridia, acetogens, etc.) and enables the long term preservation of the organic matter.
These chemical pathways are illustrated in Table 1 . Ensiling is particularly interesting for AD as it can lead to full preservation of the biomethane potential (BMP) of feedstocks for prolonged durations (that can reach up to 1 year) [2, 7, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . However, ensiling performance is extremely dependent on the feedstock and its biochemical properties, notably the total solids (TS) level, the amount of accessible carbohydrates, the buffering capacity and the nature of the initial endogenous microflora [3, 4] . For instance, even though cattle manure is a major feedstock for agricultural AD it does not naturally lead to an optimal ensiling conservation. In fact, for this feedstock the low acidification degree during confined storage cannot prevent further bacterial activity and spoiling. Therefore, secondary (clostridial) fermentation, acetogenesis and methanogenesis will occur, resulting in vast energy losses. This is especially due to lack of easily fermentable sugars, high moisture content and high methanogenic activity found on this type of substrate [15, 16] . Co-ensiling with other substrates containing easily accessible carbohydrates and/or low moisture content has been proposed as an effective technique to enhance energy conservation of cattle manure during storage [15, 16] .
The understanding of the biochemical mechanisms that occur during ensiling has been addressed by few authors in modeling approaches [19, 20] . These studies are mainly based on the lactic and clostridial fermentations phenomena, as well as hydrolysis reactions of the particulate compounds. Nevertheless, these reported modelling works do not include the reactions that take place during inefficient storage (such as acetogenesis and methanogenesis). Also, they are still very far from AD models (e.g. [21] [22] [23] [24] ) and the logic of conservation of energy potential for biogas production. In order to fill these knowledge gaps, structured models of biomass storage should be developed. They should be applicable for the ensiling of the main feedstocks used in agricultural AD (manure, etc.). Furthermore, they should provide hints about the best storage practices before anaerobic digestion for a given raw material.
In this work, a mathematical model of the ensiling process with a focus on its anaerobic phase was developed. A set of biological reactions and chemical equilibria was used to simulate the temporal variation of the main compounds during storage, including pH.
Additionally, BMP preservation was estimated through CH4 and H2 production during ensiling. The model design is based on the mentioned ensiling models [19, 20] , but with an implementation approach similar to that of Anaerobic Digestion Model No.1 (ADM1) [24] . Degradable chemical oxygen demand (COD) was used as unit. A particular attention has been paid to the fractionation of organic matter (from measurements to state variables). The model implementation was carried out with two different types of feedstock widely used in agricultural AD: catch crops and cattle manure. This should validate the applicability of this model framework for a large range of raw materials with different biochemical properties. Finally, this model is intended to develop a better understanding of methane potential preservation by:
 Describing the main phenomena involved during the ensiling process;  Investigating both efficient (e.g. energy crops) and inefficient (e.g. manure)
feedstocks for ensiling;
 Establishing a mathematical link between biomass storage and anaerobic digestion. This is accomplished by using degradable COD as unit for organic carbon assessment, and estimating the pH evolution and energy conservation during ensiling.
Experimental trials

Feedstock and co-substrates
Samples of catch crops and fresh cattle manure were collected from an agricultural site in the Auvergne-Rhône-Alpes region of France (Gaec Béreyziat, Les Teppes, 01340
Béréziat, France). Catch crop was composed by a mixture of sunflower, sorghum, peas, Vicia sp. and Trifolium alexandrinum. In order to assess the impact of TS content, both fresh and dried catch crop were ensiled. Catch crop drying was performed during 96 h: wilting, i.e., natural drying of organic matter, for 72 h; and then 24 h on air-ventilated stove at 35 °C. Before storage, fresh cattle manure (10% of TS content) was mixed with wheat straw (0.10 m maximum length) in order to reach a final TS content of 19% (ensilable TS level [16] ). Cattle manure was ensiled with and without co-substrate addition. Anhydrous glucose (D-(+)-glucose for analysis, Chimie-Plus, France) was used as co-substrate and represented around 40% of volatile solids (VS) content.
Conditions of ensiling experiments are summarized in Table 2 .
Ensiling experiments
Laboratory trials were performed in 3.5 L airtight round plastic storage drums. In order to enable biogas output and at the same time minimizing headspace, silos were filled up to 2.55 L with raw material at packing density of 700 kg.m -3 , the remaining volume being filled with gravel, using a geotextile membrane to separate it from the raw material. Proper plastic lid and rubber ring were used for silo sealing and its airtightness was reinforced with silicone sealant. Then, silos were weighed and placed in a controlled-temperature room at 25±2 °C. Experiments were conducted during 7, 15, 30
and 120 days for cattle manure and 7, 14, 28 and 98 days for catch crop.
Analytical methods
For each sample time, one silo (per tested condition) was sacrificed. It was opened and weighed. Then, biomass was homogenized and two samples were taken. The first sample was used for direct analyses on the crude material and the other one was mixed with water in order to get two fractions: a water-soluble phase and a particulate phase.
This leaching test was performed with a 10:1 water/TS ratio during 2 h under constant bottle rotation. Phase separation was achieved by centrifugation (5000 G; 10 min) followed by 0.7 µm particle size filtration. Finally, the particulate phase was dried at 70 °C until constant weight and ground at 2 mm theoretical length. Crude material/watersoluble and particulate samples were stored at 4 °C and -20 °C, respectively, until analysis.
Crude material was analyzed for its TS/VS content and BMP. For the water-soluble phase, besides TS/VS content, pH, WSC, volatile fatty acids (VFA), COD, total Kjeldahl nitrogen (TKN) and ammonia nitrogen (NH3-N) fractions were determined.
Particulate solid was analyzed for its TS/VS, COD and TKN.
Full description of experimental procedure, including phase separation, methods for chemical analysis and BMP measurement can be found elsewhere [2, 15] . It should be mentioned that BMP trials followed the recommendations of the international task group on the standardization of BMP tests [25] .
Mathematical model
Units
Degradable COD (kgCOD.m was used as unit.
Biochemical processes
Aerobic phase
When the silo is sealed, aerobic respiration of organic matter occurs until the oxygen is completely consumed. This is described by the following reaction [4, 20] :
Since this phase only lasts for a few hours, its impact on the evolution of ensiling is negligible while compared to the anaerobic phase. For instance, sugars consumed during respiration were estimated to be less than 2% of the amount found in ensilable raw materials. Therefore, the aerobic phase was not accounted for in the dynamic model. Nevertheless, its effects on some initial conditions (CO2 concentration and pH) used to model the anaerobic phase were considered. In fact, since respiration leads to CO2 production and solubilization, the pH will slightly drop during aerobic phase. In this model it was considered an initial CO2 concentration in the gas phase of 0.038% (V/V) and 21% (V/V) at the end of the aerobic phase. The last concentration was calculated considering the exclusive conversion of O2 to CO2 under constant gas pressure (which is the case in our experiments). Then the inorganic carbon dissolved in the liquid phase ( ) was calculated according to Henry's law:
Where the Henry constant for CO2 ( ) is 0.035 kmol.m -3 .bar -1 (25 °C) [24] and , the partial pressure of CO2, is equal to the total gas pressure (assumed equal to the Patm = 1.013 bar) multiplied by the volume fraction of CO2 in the gas phase.
Anaerobic phase
The anaerobic phase of ensiling comprises a large number of reactions that occur either sequentially or in parallel, due to the complexity of the endogenous microflora. In the present model we did not represent all the conceivable biochemical reactions. We rather described the confined storage from the main observable phenomena. The anaerobic model is schematized in Figure 1 and includes the following biochemical reactions: follow a first order kinetics, which is a simplification based on empiricism [24] . The reaction rate ( ) of these two reactions is described through Eq. (3:
Where is the rate coefficient of the process j and is the concentration of the particulate compound i.
Fermentation (2, 3 and 5) and methanogenesis (6) are intracellular biochemical reactions that result in both cell growth and decay. Decay was not considered in the present work, since its impact was found negligible (results not shown). Thus, the biological kinetics are described by the consumption of the substrate and growth of the biomass. These biological reactions are presented according to a Monod kinetics based on the consumption of the substrate:
Where, is the concentration of biomass that consume the substrate i, _ the maximum specific growth rate of biomass, the biomass yield on the substrate i, the concentration of substrate i and, _ the half-saturation value of biomass that consumes the substrate i. The term _ reflects an inhibition mechanism based on the pH of the medium. The use of such biological inhibition is mandatory in this type of kinetic model since biomass growth and substrate consumption only occur when the pH of the silage is above a critical value. This function is represented by the following equation [19] :
Where, _ describes the pH for which the activity is half the maximum and is the sensitivity of the activity around _ . The sensitivity of the inhibition function to these two parameters is presented in Figure 2 .
The rate equations for the biochemical processes of the anaerobic phase model are detailed in Table 3 . This is presented as a Güjer matrix, which has an implicit COD balance. In this table, the stoichiometry of the reactions is presented as product yield on the substrate ( This representation includes several assumptions made in order to simplify the system and its determination from experimental measurements:
 The fraction of easily accessible carbohydrates includes not only soluble monosaccharides, but also a portion of non-structural particulate compounds such as starch. The hydrolysis reactions of the latter are not considered to be a limiting factor and, subsequently, were not added to the model. For the fraction of hardly accessible sugars, mainly the structural compounds (hemicellulose and cellulose)
were considered.
 Acetic acid is used as a model molecule for other minor VFA formed during storage (propionic, valeric, caproic and formic acids). This may lead to differences in the by-products formed and in the pH evolution.
 Each fermentation process is represented by a general reaction, catalyzed by a single bacterial trophic group. For instance, in the case of lactic fermentation, a homofermentative reaction was used for the production of both lactic acid and ethanol (by applying stoichiometric coefficients). However, since the production of ethanol is theoretically carried out by hetero-fermentative bacteria, this leads to some inaccuracy with respect to the production of other by-products such as CO2. In the same way, for the consumption of lactic acid, a single trophic group (clostridial bacteria) was supposed to carry out the production not only of butyric acid, but also of acetic acid, so as to consider both other minority VFA and a possible acetogenesis reaction. This assumption underestimates the energy losses due to H2 production and may lead to deviations in the pH value.
 Biodegradation reactions of ethanol and butyric acid were not taken into account, which can lead to imprecisions for inefficient silages.
 The inorganic nitrogen consumed for bacterial growth was assumed negligible and was not included in the nitrogen balance.
 Since the silos were regularly degassed, the closed system equilibrium model was not compatible with the experiments. Therefore, this equilibrium was not incorporated in the anaerobic model. However, this leads to the total solubilization of CO2 produced. This issue is discussed in further detail in section 3.4. Model implementation.
Physicochemical processes
The prediction of the pH is a crucial point for the ensiling process. The pH is a result of acid-base equilibria of the different chemical species in the system. In this model, it
were considered the equilibrium reactions of the important compounds in ensiling with pKa values ( So that the acid-base phenomena can be modeled as implicit algebraic equations, for each reaction the sum of the acid-base pair concentrations was considered as a dynamic state variable, as shown in the following equations:
Where, for example in equation 6, is the acid-base pair combination, is the associated form and − is the dissociated form. Thus, these algebraic equations can be formulated considering the acid-base equilibrium and the equilibrium constants (Table   4 ) respectively:
The ionic equilibrium of water is also described by the following relation:
Then, the concentration of the H + ions and the pH were calculated using a charge balance with the main species present during ensiling:
Where ∑ + and ∑ − correspond to the total concentrations of cationic and anionic equivalents, respectively. The equivalent concentration of each ion is its valence multiplied by the molar concentration [24] . Since organic acids were expressed on a 
In the above equation + and − are the acid and base concentrations, respectively, of the buffer compounds of the system. These compounds represent acids and bases present in the raw material that do not have terms of consumption or production and, thereafter, are assumed to be constant throughout storage. These terms may also include other unmeasured organic acids or proteins and derived products, assuming that they are not degraded during ensiling.
For the calculation of the basic and acidic buffer concentrations, the Neal and Thornley [19] approach was used. This hypothesis considers that association and dissociation are mutually exclusive properties of the buffer. The difference − − + is given by the relation below as described by Neal and Thornley [19] :
Where refers to the initial molar concentration of the buffer compounds, _ is the dissociation constant of the acid compounds of the buffer and _ is the association constant of the basic compounds of the buffer.
Model implementation
Sequential modelling
In order to be able to solve the model of the anaerobic phase with the charge balance, two preliminary steps have been carried out, namely:
 Estimation of properties of the buffer compounds and;
 Determination of pH after the aerobic phase.
According to Eq. (19), the buffer compounds ( − and + ) are defined by their initial concentration ( ) and its dissociation/association constants ( _ and _ ).
To reduce the number of variables to be estimated, Neal and Thornley's hypothesis [19] of consider _ = _ was performed. Then, the difference − − + was calculated with the charge balance at t=0. Values of and _ / _ were finally refined with the charge balance by comparing the simulations results to the experimental decrease of pH during initial lactic acid production (7 days). This approach can also be considered as an indirect measure of silage buffering capacity, which is often estimated as the amount of base needed to, e.g., vary the pH from 4 to 6.
The pH after aerobic respiration was determined by applying the charge balance with the previously estimated buffer properties. After these preliminary calculations, the anaerobic phase of the ensilage was simulated through the implementation of the dynamic model on MATLAB™. Differential and Algebraic Equation (DAE) implementation was used so that physicochemical processes can be integrated algebraically. Since ensiling is a batch process, the model was implemented in the following configuration:
 16 differential equations to represent dynamic state variables, according to the Güjer matrix (Table 3) 
Since this anaerobic model does not take into account the liquid-gas equilibrium, balance (Eq. (21)) considers that all the inorganic carbon produced remains solubilized.
To avoid significant impacts on the pH, it was assumed that the partial pressure of CO2 in the gas phase cannot exceed 1 bar, which corresponds to a maximum 
Even so, the accumulation rate of inorganic carbon in the liquid phase will be greater in the model than in reality. This difference was neglected since silos normally have small headspace and consequently, the CO2 concentration in the gas phase rapidly increases and stabilizes in the first weeks of ensiling.
Finally, it is important to notice that this model was developed to work at constant temperature. Simulations in this study were performed for a standard temperature of 25 °C (the same used in experimental trials).
From measurements to state variables
In order to setup the anaerobic model, values of state variables were estimated as follows (initial values are presented in Table 5 ):
 XCH and XPR: The COD of the particulate phase was measured, as well as its biodegradable fraction (from the BMP tests). However, these analysis do not make it possible to distinguish each biodegradable fraction from the particulate COD. As a result, it was assumed that all the COD of the particulate phase corresponded to biodegradable proteins and sugars. This is an assumption that has no practical impact: during ensiling, the bio-accessible particulate fraction is never completely metabolized. Thus, XPR was estimated from the TKNparticulate measurement (using the NAA parameter) and the XCH was determined by the difference between the CODparticulate and the XPR. Since in the majority of the trials there was a solubilization of the readily available particulate at the beginning of storage, the initial XCH and XPR were determined by extrapolation of the hydrolysis trend for the experimental points from 7 days of silage. However, this approach should not be used for lipidrich feedstocks, which are poorly soluble in water. Under these conditions, an experimental determination of the lipid compounds must be carried out.
Nevertheless, the feedstocks studied here have been supposed to have very low fat content.
 SCH: The experimental determination of this variable was not totally possible, since for this parameter only monosaccharides were analyzed by HPLC. For this reason, the initial SCH was estimated as the required amount of sugars for VFA formation in the first week of ensiling. For all other points, it was assumed that only the soluble sugars analyzed remained in the SCH fraction.
 SLA, SET, SBA, SAC: Calculated from HPLC data and gas chromatography after conversion to COD. It is important to note that SAC includes the COD of acetic, propionic, valeric, caproic and formic acids.
 SAA: This parameter cannot be reliably compared to the results of soluble organic nitrogen (NTKsoluble -NH3-N), since it was experimentally observed that some of the amino acids present are not degradable under ensiling conditions. Therefore, the evolution of this variable was not compared to the experimental results. Its initial value was estimated as the amount needed to simulate the fast production of inorganic nitrogen (SIN) during the first few weeks of ensiling.
 SIN: Calculated from ammonia (NH3-N) analysis in the liquid phase.
 SIC, SH2 and SCH4: Initially, SIC was calculated from the CO2 gas content after respiration, while for SH2 and SCH4 it was assumed a zero concentration at t=0. On the other hand, the model outputs were not compared with the experimental results,
given the insufficient measurements of gas composition and the poor gas production.
 XSU, XLA, XAA, XAC: None of the measurements performed allowed a quantitative determination of the concentration of active biomass. As a result, these variables were estimated from bibliographic data. The value of 0.1 kgbiomass.m -3 estimated by Neal and Thornley [19] for lactic acid bacteria was used for all the bacterial populations in the fresh material of each feedstock tested in this model. This value was converted to COD using the empirical formula for biomass C5H7O2N proposed by the ADM1 model [24] (M = 113 kg.kmol -1 , COD = 160 kg.kmol -1 ).
 SH+ (pH): For the starting point, the pH after aerobic respiration was determined and used as initial value for the simulation.
Kinetic parameters
For stoichiometric and kinetic parameters, when possible, values from bibliography [19, 24] were used and then optimized during the simulations. This was the case for the yields of the product on the substrate, the parameters pM_i and qi for the inhibition functions and the maximum specific growth rates of Monod reactions ( max_ ). For the nitrogen content of proteins and amino acids (NAA), the value of 0.007 kmol.kgCOD -1 suggested by the ADM1 model [24] Table 6 . Optimized parameters during simulations are further described in section 5. Suggested model parameters and discussion.
Simulations and comparison with experimental results
The simulation were performed for the input variables of different feedstocks in order to calibrate the stoichiometric and kinetic parameters of the model. This included different moisture contents, soluble carbohydrates and initial pH ( Table 2 ). The simulations were run until the end of ensiling experiments, i.e. 98 days for catch crop and 120 days for cattle manure (at 25 °C).
Hardly accessible fractions
The results of simulations for hardly accessible fractions (XCH and XPR) are shown in Figure 3 . The estimated data followed a slow first order degradation during silage and as a result the model was properly fitted to the variables XCH and XPR.
Easily accessible fractions
Experimental trends for readily accessible COD (SCH, SLA, SBA, SAC and SET) during ensiling ( Figure 4 ) are, in their majority, well described by the simulation after calibration of kinetic and stoichiometric parameters (detailed in section 5. Suggested model parameters and discussion).
Still, for some variables there is a gap between the evolution of the model predictions and experimental results. Indeed, the simulation for CM-Glucose condition forecasts an accumulation of easily accessible sugars, due to the hydrolysis reaction. However, this
was not observed experimentally. Since the SCH measured during ensiling includes only soluble sugars, this difference indicates that the sugars produced during hydrolysis would remain in the accessible particulate fraction. In addition, ethanol produced during the storage of catch crop is degraded in the long term. This was not accounted for in the simulations, as this reaction was not considered in the model design. Finally, for the worst ensilable feedstock -CM-Fresh -it was observed experimentally a total loss of easily degradable compounds. This is the case, e.g., of butyric acid, which does not accumulate during storage since it is rapidly consumed. However, this phenomenon cannot be described by the simulations, since the model does not include any direct acetogenesis reactions.
Inorganic nitrogen
In most storage conditions the model allows the representation of inorganic nitrogen evolution for a given content of accessible amino acids ( Figure 5 ). On the one hand, the modelling results suggest that there is a large amount of SAA in catch crop. This compounds are degraded in SIN when there is not a strong acidity. On the other hand, cattle manure does not have a significant amount of accessible amino acids. Therefore, it is the slow mineralization of the proteins that leads to the slight increase of inorganic nitrogen content. In addition, experimental SIN content of CM-Fresh decreased between 30 and 120 days of ensiling, while the model predicted a slight increase for this variable. This discrepancy might be explained by a partial volatilization and loss of the inorganic nitrogen (given the high pH), which has not been taken into account in the model. Finally, the evolution of the experimental inorganic content for CC-Wilted was not correctly modeled. In fact there was a huge increase in the SIN content in the first 7 days of this experiment, which can not only be attributed to the phenomena embedded in the model.
pH
Generally speaking, since many chemical species affect the charge balance and consequently the H + ion concentration, pH is one of the most difficult parameters to predict. Nevertheless, the modelling of this algebraic variable was a great success in most of the cases tested ( Figure 6 ). This was partly due to the use of the buffer capacity of the system. Moreover, the efficiency of these simulations was strictly related to the stability of the organic matter. In fact, for silages without clostridial development -CCWilted and CM-Glucose -pH variations are perfectly described by the model.
Conversely, for fresh cattle manure (CM-Fresh) significant differences between measured pH and simulations were observed, especially in the first weeks of ensiling.
This inconsistency can be explained by the difficulties in simulating the VFA evolution under acetogenic and methanogenic conditions.
BMP conservation
Since COD was chosen as unit of the model and degradation reactions take place under anaerobic conditions, COD loss only occurs through the gas phase. Therefore, simulated BMP conservation for a given storage duration (% , ) was calculated from the cumulative production of hydrogen and methane, according to the following equation:
Where 4, and 2, designate, respectively, the cumulative productions of methane and hydrogen at time t (kgCOD.m -3 ) and , represents the degradable COD of raw material under anaerobic digestion conditions, obtained from BMP and COD analysis.
The simulations for the conservation of BMP are qualitatively consistent with the experimental results ( Figure 7 ). This indicates that this model can provides hints on the best storage practices to preserve the energy potential of different feedstocks before anaerobic digestion. However, the results show that in some cases it is very difficult to obtain a reliable quantitative estimation of BMP preservation from COD losses by H2 and CH4 production. For certain conditions, this should be due to the fact that during ensiling some gains in bioavailability may occur (due to further hydrolysis of the inaccessible fractions [3, 16, 18] ), which has not been integrated into the model. In addition, when the ensiling is very inefficient, namely for CM-Fresh, the preservation of the BMP is overestimated by the simulations. This can partly be explained by the omission of the biodegradation reactions of butyric acid in the model.
Suggested model parameters and discussion
The results of the simulations were obtained by varying only a limited number of parameters (Table 7) , i.e. kinetic constants and stoichiometry, which illustrates the robustness of the model.
Regarding the stoichiometric coefficients, only one part varied according to the type of feedstock used. Homo-fermentative LAB populations dominated during ensiling, but this was more evident for cattle manure, for which no ethanol was produced during storage. In addition, during clostridial fermentation the yield of butyric acid was lower with cattle manure. This may suggest that the activity of acetogenic populations is greater in cattle manure. In contrast, identical stoichiometric yields of proteolytic fermentation were found for both raw materials.
Hydrolysis reactions had very low kinetic constants, which expresses the fact that ensiling is above all a method of organic matter preservation. Kinetic constant of protein hydrolysis was higher during storage of catch crop and with low TS levels. This may be related not only to the greater enzyme activity with higher moisture content, but also to the degradation of proteolytic enzymes during drying. Nevertheless, this moisture effect was not observed for trials with cattle manure. This may be due to the fact that a limited range of TS content was used. Concerning the degradation of structural carbohydrates, kinetic coefficient varied for all storage conditions and it was not possible to establish any correlation (either with respect to the feedstock type, TS content or level of accessible carbohydrates). On the one hand, this can be linked to inaccuracies in the estimation of the real fraction of carbohydrates, which are difficult to access experimentally. On the other hand, it may not be conceivable to obtain a trend by using a simple first order reaction, given the variety of anaerobic mechanisms that can lead to the hydrolysis of complex sugars. Indeed, the conversion of these polymers under ensiling conditions can be, according to Dewar et al. [27] and McDonald et al. [4] catalyzed either enzymatically or chemically (depending, e.g., on the pH level).
the tested conditions. For lactic acid bacteria, it decreased slightly with the TS increase in both raw materials. For instance, the increase of TS content of catch crop from 10%
to 39% resulted in a decrease of about 10% in . This same TS variation led to a reduction of almost 30% in the maximum specific growth rate of clostridial bacteria.
These results show that the growth of these two bacterial populations is dependent on the TS content. Also, the sensitivity to water availability was much higher for clostridial bacteria, which is why it is preferable to use higher TS content in silage to achieve low pH stability. This is in line with data found in literature suggesting that different levels of tolerance to dryness are noticed among the silage microorganisms [3, 4, 28] , which is also the case for other anaerobic environments [29, 30] . For cattle manure, the sensitivity of clostridial bacteria to the water content could not be verified for the conditions tested.
In fact, for Fresh CM simulations the accurate value of of clostridial bacteria could not be calculated because the reaction took place before the first sampling. As with previous populations, when methanogenesis reactions occurred during silage, it was possible to identify an increase in μ max of methanogenic bacteria at lower TS levels. On the other hand, it was not possible to establish a general correlation for the μ max of proteolytic bacteria. Indeed, for catch crop there was an increase in proteolytic activity at higher TS concentrations, whereas for cattle manure no trend was observed among the TS contents tested. Nevertheless, according to the literature [28, 31, 32] , a decrease in proteolytic bacterial activity is also expected for lower moisture levels. This deviation from the literature may be due to the fact that the available amino acid content was estimated from inorganic nitrogen production during silage, certainly having a significant associated error. Finally, it is also important to note that no comparison between the values of μ max of catch crop and cattle manure was done. In fact, they depend on the amount of initial active biomass, which was arbitrarily set for each feedstock from literature data.
Among the remaining parameters for which identical values were used for all storage conditions, the pH inhibition function showed interesting results (Figure 8) . Indeed, the model suggests that LAB were not inhibited over most of the pH range tested, because of their low half-inhibition pH (pM,SU = 4.3) and the high sensitivity of their activity around this value (qSU = 35). This sensitivity also implies that, for pH values below 4.3, the lactic activity is very reduced, which explains the partial conservation of easily accessible sugars during CM-Glucose experiment. For the other biological reactions, the half-inhibition pH values used were 5.5 for clostridial and proteolytic fermentations and 7.0 for methanogenesis. Since for these three reactions the sensitivity around these pH values is also high, this inhibition function mathematically explains the delay in the growth of these bacterial populations for properly acidified silages.
Moreover, this evidences that methanogens are more sensitive to low pH conditions than other fermentative microorganisms [33] .
The results of the simulations also showed that this model can describe in a very correct way silages where lactic fermentation proliferates and dominates. However, when one advances on the chain of fermentation reactions (acidogenesis, methanogenesis), the simulations are less efficient. In fact, the model is simplified at the level of acetogenesis and methanogenesis and, consequently, these phenomena cannot be described quantitatively. This means that, in its current form, the model can be used to expose the evolution of ensiling of other types of feedstocks that have, at least, a high accessible sugar content, such as energy crops, forages, or sugar-rich agro-industrial waste. On the contrary, for inefficient inputs such as single-handedly cattle manure, this model may only be used to indicate that silage will be ineffective, that there will be substantial energy losses and that it will be necessary to intervene on the initial characteristics of these feedstocks to improve the performance of BMP preservation (for instance, by adding easily biodegradable sugars [15] ).
In addition, the model allows a qualitative estimation of the suitable conditions for preserving the energy potential of feedstocks. Indeed, it is shown that the conservation of methane potential is positively correlated with the content of easily accessible carbohydrates and total solids in the raw material. Nevertheless, quantitatively there are still differences between some simulations and the experimental results. For very inefficient storages, this can again be due to the simplification of the model in the final stages of anaerobic digestion. At the same time, for some conditions there are hydrolysis phenomena that may lead to bio-accessibility gains, which are not taken into account in the model.
Conclusions
A mathematical link was established between biomass storage and anaerobic digestion.
This soechio-kinetic model explained the main biochemical phenomena that occur during ensiling, including the evolution of pH and methane potential. The model framework is applicable for the main feedstocks used in agricultural anaerobic digestion (manure, crops). Therefore, this model can be a crucial support tool for the management of resources before anaerobic digestion. Since storage practices have an important impact on the conservation of the energy content of biomass, this work should contribute to optimize the performance of agricultural biogas plants. 
